Abstract. User's volitional control of lower limb prostheses is still challenging task despite technological advancements. There is still a need for amputees to impose their will upon the prosthesis to drive in an accurate and interactive fashion. This study represents a brief review on control strategies using different sensor modalities for the purpose of phases/events detection and activity recognition. The preliminary work that is associated with middle-level control shows a simple and reliable method for event detection in real-time using a single inertial measurement unit. The outcome shows promising results.
Introduction
One of the most physically and mentally devastating events that can occur to a person is limb loss. There are more than 32 million amputees all around the world in which 75% accounts for lower limb amputees [1] . In England, the number of amputees and limb deficient people reach about 45,000 [2] . The use of prosthetic devices after amputation is one of the interventions to improve the amputees' quality of life. The commercially available prostheses related to lower limb extremity is divided into three types: mechanically passive, microprocessor-controlled passive and powered devices. The mechanically passive and microprocessor devices perform relatively well during simple activities (e.g. level ground walking). However, their inability to produce positive energy, when is needed in many activities (e.g. during stair ascent), is a serious limitation. Powered prostheses use active actuators to generate joint torque which result in powering the knee and ankle joints. Therefore, improved performance has been perceived in complex activities, such as stair ascent, compared to passive devices [3] . Pattern recognition (PR) is the most commonly used control strategy for powered prostheses. Young et al. used supervised PR algorithms to infer the user's intent in real-time [4] . High classification accuracies can be achieved by this approach, however; it requires an extensive collection of data for training the classifier [4] . The main challenge in the powered devices is the lack of direct control by amputees [5] . Therefore, the need to control the prostheses intuitively has brought the ideas of using surface electromyography (sEMG), mechanical sensors or a fusion-based control. One of the major sources of biological signals in neural control is electromyographic signal (EMG). Surface EMG (sEMG) electrodes have been used to record muscle activities signals from amputees wearing passive prostheses and powered prostheses [6] . Several studies investigated EMG PR to identify the user intent in different activities [5, 7, 8] for smooth, intuitive and natural control of prostheses. A number of studies have reported the use of mechanical sensors (inertial measurement units (IMUs)), load sensors and pressuresensitive insoles) for lower limb activity recognition [6, 9, 10] . All these techniques have achieved reasonable recognition accuracies in steady-state, while the accuracy is much lower in transition between activities [6]. Sensor fusion-based PR for identifying different activities to improve the accuracy and responsiveness have been discussed in [6, 11] .
Researchers have segmented the gait cycle in various ways to impose controlling strategy over the prosthesis. Many control algorithms have been implemented using machine learning techniques and simple rule-based approaches [3, 12, 13 ] to identify gait phases/events. However, none of the previous studies have dealt with transfemoral amputees (TFA). The aim of this study was to carry out a preliminary work for detecting events including initial contact (IC) and toe off (TO) in real-time using a single IMU. The idea of using multi-sensory system for further improvement in control of lower limb prostheses will remain to be investigated.
Control Architecture for Lower Limb Prostheses
The generalized control scheme for the lower limb prostheses consists of three level hierarchy as shown in Figure 1 adapted from [14] . The high level deals with the perception of user's intent based on the signals from prosthesis, environment and the user. The middle level controller translates the perceived user's intent to the desired output state (e.g. desired torque) after implementing detected phases and events. The low level control scheme deals with the feedback control of actuator dynamics for the desired movements (e.g. torque) related to the prosthesis. 
